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I  I  1.  ABITRA  C  T 


An  experimental  study  of  the  buckling  of  closely  spaced  integrally  stringer-stiffened 
cylindrical  shells  under  axial  compression  was  carried  out  to  determine  the 
influence  of  shell  and  stiffener  geometry  on  the  applicability  of  linear  shell  theory. 
38  specimens  fabricated  from  7075-T6  aluminum  alloy  with  different  geomstries  were 
tested.  Most  test  specimens  were  designed  to  fail  in  general  instability  and  under 
low  critical  stresses  to  assure  elastic  buckling.  Agreement  of  experiments  with 
linear  theory  was  found  to  be  governed  primarily  by  the  stringer  area  parameter, 
(AjVbh)  and  the  shell  geometry  parameter,  Z.  -Values  of  linearity,  p,  (ratio  of 
experimental  buckling^load  to  the  predicted  one)  higher  than  80%  were  obtained  in  the 
ranges  Z>  1000  and  (A-^/bh)>  0.5  and  a  clear  trend  towards  p  =  1  was  observed  with 
increasing  values  of  these  parameters.  Correlation  with  linear  theory  was  also  found 
to  be  influenced  by  panel  unstable  postbuckling  behavior.  No  significant  effect  of 
other  shell  and  stiffener  parameters  on  the  correlation  with  linear  theory  could  be 
dis  cerned  for  the  shells  tested.  .  I 
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ABSTRACT 


An  experimental  study  of  the  buckling  of  closely  spaced  integrally 
stringer-stiffened  cylindrical  shells  under  axial  compression  was  carried 
out  to  determine  the  influence  of  shell  and  stiffener  geometry  on  the 
applicability  of  linear  shell  theory.  38  specimens  fabricated  from 
7075-T6  aluminum  alloy  with  different  geometries  were  tested.  Most 
test  specimens  were  designed  to  fail  in  general  instability  and  under 
low  critical  stresses  to  assure  elastic  buckling. 


Agreement  of  experiments  with  linear  theory  was  found  to  be 
governed  primarily  by  the  stringer  area  parameter,  (A^/bh)  and  the 
shell  geometry  parameter ,  Z.  Values  of  linearity,  p,  (ratio  of 
experimental  buckling  lead  to  the  predicted  one)  higher  than  80%  were 
obtained  in  the  ranges  Z  >  1000  and  (A^/bh)  >  0.5  and  a  clear  trend 
towards  p  =  1  was  observed  with  increasing  values  of  these  parameters. 
Correlation  with  lineary  theory  was  also  found  to  be  influenced  by  panel 
unstable  postbuckling  behavior.  Ho  significant  effect  of  other  shell  and 
stiffener  parameters  on  the  correlation  with  linear  theory  could  be 
discerned  for  the  shells  tested. 
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experimental  number  of  circumferential  waves 
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u  =  (u  /R) ,  V  =  (v  /R) ,  w  =  (w  /R)  (See  Fig.  1) 


axial  coordinate  along  a  generator,  radial  and  circumferential 
coordinates  (see  Fig.  1). 
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=  (PR/ttD)  aixial  compression  parameter  for  cylindrical  shell. 
Poisson's  ratio 


"linearity"  =  P  /P 

exp  cr 


stress  at  0.1%  of  strain, 
critical  stress 

critical  stress  for  a  narrow  panel  Eq.  (1A) 

critical  stress  for  a  complete  unstiffened  cylinder  with  "classical" 
simple  supports  SS3 


SS3 

simple  supports 

V 

SS4 

simple  supports 

u 

C4 

clarped  ends 

u 

-IV- 


LIST  OF  FIGURES 

FIGURE  No. 

1  Notation  . 

2  Test  sat  up. 

3  Typical  map  of  gage  location  . 

4  Typical  stringer-stiffened  specimens  . 

5  Stress-strain  curve  of  7075-T6. 


6  Set-up  for  releasing  of  7075-T6  specimens  . 

7  "Linearity"  of  7075-T6  stringer-stiffened  shells  as  a  function  of  Z. 

8  Effect  of  unstable  panel  postbuckling  behzvior,  0  >  0.64,  on 
"linearity"  as  a  function  of  Z. 

9  "Linearity"  of  stringer-stiffened  shells  as  a  function  of  z. 

10  Influence  of  torsional  regidity,  on  critical  loads  of  stringer 

stiffened  shells, 

11  "Linearity"  of  7075-T6  and  larger  steel  specimens  as  a  function  of  Z. 

12  "Linearity"  of  stringer-stiffened  shells  as  a  function  of  Z 

(excluding  results  of  [20]  and  [21},  smaller  steel  shells,  R  =  j.25 
and  shells  with  0  >  0.64) 

13  "Linearity"  of  7075-T6  and  steel  (R  =  175)  stringer-stiffened 

shells  as  a  function  of  Z  (excluding  shells  with  0  >  0.64). 

14  Influence  of  SS4  Boundary  Conditions  on  the  "linearity"  of  7075-T6 

stringer-stiffened  shells. 

"linearity"  of  7075-T6  stringer-stiffened  shells  as  a  function  of 
(A1/bh) . 


15 


-  V  - 


FIGURE 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 


No. 


Effect  of  unstable  panel  postbuckling  behaviour,  0  >  0.64,  on  "linearity" 
as  a  function  (A^/bh) . 

''Linearity"  of  stringer-stiffened  shells  as  a  function  of  (A^/bh) . 
"Linearity"  of  7075-T6  and  larger  steel  specimens  as  a  function  of 


(A1/bh) . 

"Linearity"  of  stringer-stiffened  shells  as  a  function  of  (A^/bh) 
(excluding  results  of  [20]  ,  smaller  steel  shells,  R  =  125  and 
shells  with  0  >  0.64). 

"Linearity"  of  7075-T6  stringer-stiffened  shells  as  a  function  of 


Z  (A^'bh) . 

Effect  of  unstable  panel  postbuckling  behaviour,  0  >  0.64,  on  the 
"linearity"  as  a  function  of  Z (A^/bh ) . 

"Linearity"  of  7075-T6  stringer-stiffened  shells  as  a  function  of 
"weighted  shell  geometry"  Z[1  +  (A^/bh)  ] 

Effect  of  unstable  panel  postbuckling  behavior,©  >  0.64,  on  "linearity" 
as  a  function  of  Z  [1  +  (A^/bh) ] . 

553  "weightea  Linearity"  of  7075-T6  stringer  stiffened  shells. 

Effect  of  unstable  panel  pcscbuckling  behavior,  0  >  0.64,  on  SS3 
"weighted  Linearity" 

554  "weighted  linearity"  of  7075-T6  stringer-stiffened  shells. 

Effect  of  unstable  panel  postbuckling  behavior,  0  >  0.64,  on  SS4 
"weighted  linearity" 

"Linearity"  of  7075-T6  stringer-stiffened  shells  as  a  function  of 


stringer  spacing , (b/h) . 


s»_» ...  ^.W^^s-fes,  j«  i- .  •Ssk'wjJV-*  >-i---»v 


FIGURE  No. 


"Linearity"  of  7075-T6  stringer-stiffened  shells  as  a  function  of 
(b/h)/[l  +  (Aj/bh)}. 

Structural  efficiency  of  stringer-stiffened  shells. 

Experimental  correlation  study  of  imperfection  sensitivity 
dependence  on  shell  geometry  2. 

Typical  circumferential  distribution  of  axial  strain  (shell  AS-14M) . 
Postbuckling  patterns  of  "medium ’  length  specimens. 

Postbuckling  patterns  of  "long"  specimens. 

Postbuckling  patterns  of  "very  long"  specimens. 


1.  INTRODUCTION 


In  references  [l]  and  [2]  the  buckling  under  axial  compression  of 
close'. y  spaced  integrally  stringer-stiffened  circular  cylindrical  shells, 
was  studied  experimentally.  In  these  test  programs  the  influence  of 
stiffener  and  shell  geometry  on  the  applicability  of  linear  theory  was 
investigated,  as  well  as  the  effects  of  the  mechanical  properties  of  shell 
material.  The  shells  of  [l]  were  fabricated  from  two  different  kinds  of 
steel  alloys  with  completely  different  mechanical  properties  and  those  of 
[2]from  7075-T6  Aluminum  alloy.  The  results  of  [l]  and  [2]  were  correlated 
with  the  predicted  "classical"  linear  buckling  loads,  corresponding  to  SS3 
(N^  =  v  =  o)  boundary  conditions  and  with  the  results  of  other  investigators 
(for  a  more  complete  bibliography  see  [l]  and  [2]  ) . 

It  was  shown  there  that  correlation  with  linear  theory  predictions  was 
primarily  affected  by  the  stringer  area-parameter,  (A^/bh) ,  and  by  shell 
geometry  represented  by  the  Batdorf  parameter,  Z  .  For  (A^/bh)  >  0.4 
values  of  "linearity"  (ratio  of  experimental  buckling  load  to  the  predicted 
one)  considerably  above  60  percents  were  achieved,  similar  results  were 
obtained  for  Z  >  1000.  For  the  shorter  shells,  pre-buckling  effects,  which 
are  not  included  in  the  linear  analysis,  may  be  partly  responsible  for  the 
low  buckling  loads. 

It  was  also  observed  in  [1]  and  [2]  that  the  obtained  "linearity" 


was  influenced  by  the  stress-strain  behavior,  or  material  inelastic 
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behavior  of  the  shell  material  as  pointed  out  from  theoretical  considerations 
in  [3] .  Lower  values  of  •‘linearity'*  were  achieved  for  shells  fabricated 
from  steel  with  "poor"  mechanical  properties,  that  could,  however,  be  corrected 

if  the  predicted  buckling  load  was  adjusted  for  the  non-linearity  of  the  stress 
strain-curve. 

The  present  tests  with  707  >  -T6  stringer-stiffened  shells  are  a  con¬ 
tinuation  of  the  tests  of  [l]  and  [2]  for  further  study  of  the  influence  of 
stiffener  and  shell-geometry  on  the  adequacy  of  linear  theory  predictions. 

Because  of  the  high  yield  stress,  or  rather  high  ration  of  (a  /E) ,  of 

y.p. 

7075-T6  and  the  corresponding  low  buckling  stresses  of  the  present  test 
specimens,  "inelastic"  effects,  such  as  pointed  out  in  [3]  should  be 
negligible. 

As  in  the  earlier  tests,  care  was  taken  to  load  the  shells  through 
their  mid  skin  in  order  to  avoid  the  effect  of  load  eccentricity  that  can  be 
fairly  large  (see  [4]  to  [8]  ) . 

Local  buckling  or  unstable  postbuckling  behavior  of  the  cylindrical 
panels  between  stringers  may  also  induce  low  values  of  "linearity".  Koiter's 
total  curvature  parameter  9  =  [12  (l-v2]1^  [  (b/2n)  (Rh)  ^2]  ,  drived  in 

[9]  presents  a  useful  criterion  for  stable  postbuckling  behavior.  For 
simply  supported  panels,  9  should  be  less  than  0.64  for  stable  behavior. 

For  stiffer  boundaries  a  slightly  larger  9  should  still  be  satisfactory. 

9  can  also  be  taken  as  a  measure  of  narrowness  of  the  panel  which  determines 
the  stiffening,  within  the  framework  of  linear  theory,  of  the  panel  as  com¬ 
pared  to  a  complete  cylinder  (see  [10]  ) . 


The  local  buckling  load  of  the  narrow  panel  should  exceed  the  general 
instability  load  to  avoid  local  failure.  As  an  upper  bound,  the  panels  may 
be  considered  as  clamped.  Hence,  with  the  aid  of  approximate  methods  like 
[10]  and  [11]  an  upper  bound  for  local  buckling  may  be  estimated.  There¬ 
fore,  avoiding  local  buckling  and  insuring  stable  postbuckling  behavior 
of  the  panels  is  primarily  dependent  upon  proper  spacing  of  the  stringers. 

In  [1]  the  values  of  0  did  rot  exceed  0  64,  but  for  some  of  the  shells  local 
buckling  of  the  panels  (under  assumption  of  simple  supports)  was  predicted. 

No  definite  influence  on  the  "linearity"  for  these  shells  could  however  be 
discerned  in  the  tests.  Some  of  the  specimens  of  [2]  were  intentionally 
designed  with  0  >  0.64.  Local  buckling  predicted  for  these  specimens  could 
not  be  detected  in  the  experiments.  In  the  present  test  program  additional 
shells  were  designed  for  further  studies  of  the  influence  of  these  factors 
on  the  "linearity". 

The  general  instability  of  the  stiffened  shells  was  again  calculated 
with  the  "smeared"  stiffener  theory  of  [12] ,  which  does  not  consider 
discretness  of  the  stiffeners,  an  effect  found  earlier  to  be  usuallj 
negligible  for  closely  spaced  ring  and  stringer-stiffened  cylinders  (see 
[13]  to  [15]).  The  test  results  in  the  present  program  were  compared  with 
"classical"  SS3  critical  loads,  as  well  as  loads  calculated  for  the  SS4 
(u  =  v  =  O)  boundary  conditions. 

The  "Linearity"  of  the  tested  shells  depends  upon  the  influence  of  the 
initial  imperfections.  In  [1]  and  [2]  correlation  of  the  resuits  with  pre¬ 
dictions  of  earlier  imperfection  sensitivity  studies  (  [7]  and  [16])  was 


attempted.  It  should  be  noticed  that  these  investigations  are  not  con¬ 
sistent  since  [it]  predicts  extreme  sensitivity  for  externally  stringer- 

stiffened  shells  in  a  range  of  low  values  of  Batdorf  geometry  parameter, 

2  1/2  2 

Z  =  (l-v  ’  (L/R)  (R/h) ,  whereas  [7]  predicts  a  much  less  pronounced 

sensitivity  for  the  same  kind  of  stiffened  shells  and  in  a  different  range 
of  z.  In  the  tests  of  [l]  and  [2]  a  special  effort  was  made  to  examine 
this  effect,  but  it  could  not  be  discerned  in  the  experiments.  The 
present  test  program  includes  also  a  further  special  study  of  shells  in 
these  Z  ranges . 

Hence  the  praimary  purpose  of  the  present  test  program  is  a  study  of 
the  effect  of  the  combined  interaction  v  f  shell  and  stiffeners  geometry 
on  the  adequacy  of  "linear"  theory  in  predicting  the  critical  loads  for 
axially  compressed  stringer-stiffened  cylinders  and  correlation  with  the 
results  of  [l]  and  [2]  and  other  investigators  l [17]  to [23]).  .  . 

The  present  test  results  like  the  earlier  ones  ( [1]  and  [2]  )  indicate 
that  the  dominating  stiffener-parameter  is  the  area-parameter , (A^/bh) . 

For  most  of  the  shells  with  values  of  (A^/bh)  >  0.4  buckling  loads  of  80 
percent  and  above  those  predicted  by  "classical"  linear  theory  were  achieved. 


2.  TEST  SET-UP  AND  PROCEDURE 

The  test  set-up  for  the  present  test  program  is  shown  in  Fig.  2. 

It  is  similar  to  the  frame  of  [1]  ,  but  smaller  in  i.ts  dimensions  and 
less  rigid,  because  the  predicted  buckling  loads  for  the  present  test 
specimens,  which  were  made  of  Aluminum  alloy,  were  only  about  a  third 
of  those  obtained  for  the  steel  specimens  of  [l]  and  [2]  .  Loading 
manner  and  procedure  as  well  as  specimen  mounting  is  the  same  as 
discussed  in  [l]  (for  details  see  Section  4  and  Fig.  4  of  [l]  ) . 

As  in  [l]  ai*d  [2]  the  specimens;  are  not  clamped  to  the  supporting 
discs.  They  are  just  located  between  the  lower  disc  and  a  similar  top 
disc.  The  stringers  are  cut  away  at  both  ends  of  the  specimens  to  ensure 
that  the  load  is  applied  at  the  shell  mid-surface  and  hence  to  avoid  end 
moments  discussed  in  [4]  to  [8] ,  (for  details  see  again  Section  4  and  also 
Fig.  4  of  [1] ) •  The  present  test  boundary  conditions  are  therefore  between 
the  SS2  and  SS4  boundary  conditions  (simply  supported, 

w  =  M  =0 
x 

N  =  v  =  0  for  SS3 
x 

and  u  =  v  =  0  for  SS4)  and  probably  nearer  to  SS4.  The 
restraint  to  rotation  is  very  small. 

About  48  gages  were  bonded  to  the  surface  of  each  specimen,  except 
for  the  short  shells  where  a  smaller  number  of  gages  was  used.  At  least 
half  of  the  gages  were  located  as  close  as  possible  to  the  edges  of  the 
shell.  The  remaining  ones  were  almost  equally  distributed  over  the  shell 
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surface  in  a  manner  which  enabled  correlation  of  the  measurements  recorded 
from  these  gages,  away  from  the  ends  of  the  specimens,  and  the  records 
from  the  corresponding  gages  at  the  edges.  The  purpose  of  the  gages  at  the 
ends  was  to  study  the  growth  of  displacements  at  the  edges  in  comparison 
with  those  away  from  the  edges  and  hence  to  obtain  information  about  local 
effects  at  the  edges  and  their  influence  on  the  experimental  critical  load. 
A  typical  map  of  gage  location  is  given  in  Fig.  3,  which  represents  the 
developed  surface  of  shell  AS  -  20  Mb. 


As  in  [1]  and  [2] ,part  of  the  gages  were  attached  axially  and  the 
remaining  ones  circumferentially.  The  axial  gages  assisted  in  confirming  elastic 
behavior  up  to  buckling  and  adjustments  for  an  even  distribution  of  the 
applied  load,  and  the  circumferential  ones  were  used  to  detect  local  bending. 

All  the  gages  assisted  in  detection  of  incipient  buckling.  Strain-gage 
readings  were  recorded  on  a  B  &  F  multichannel  strain  plotter,  and  as  in 
[1] t [2] , [10] , [24]  to  [26]  an  attempt  was  made  to  obtain  Southwell  plots 
from  the  strain  records.  For  this  purpose  the  circumferential  gages  are 
more  effective  (see  [1]  and  [2]). 


The  specimens  were  measured  carefully  at  200-500  points  prior  to  each 
test.  The  measuring  devices  described  in  [3]  and  [2]  were  also  used  in  the 
present  program. 
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3.  TEST  SPECIMENS 


38  integrally  stringer-stiffened  shells  were  tested  in  the  present 
program.  The  geometry  of  the  shells  is  defined  in  Fig.  1  and  their 
dimensions  are  presented  in  Table  1.  Some  typical  specimens  cure  shown 
in  Fig.4*. 

Most:  of  the  specimens  were  designed  to  ensure  predomination  of 
general  instability  and  elastic  buckling.  Some  were  however  intensional- 
ly  designed  for  unstable  postbuckling  behavior  of  the  panels  between  the 
stringers  (see  Section  1)  in  order  to  verify  Roiter's  analysis  [9]  and  also 
study  the  influence  of  panel  instability  on  the  achieved  "linearity".  For 
some  of  the  shells  the  predicted  local  buckling  predominates  and  the 
effect  of  stiffening  on  the  postbuckling  benavior  of  the  panel  is  studied 
to  obtain  a  reduced  "effective"  thickness  of  a  stringer-stiffened  shell. 

The  specimens  were  machined  from  7075-T6  Aluminum  alloy  tubes  (10"  in 
diameter  and  1/2"  wall  thickness)  with  mechanical  properties,  that  may  be 
approximated  by  a  Ramberg-Osgood  stress-strain  relation  [27] 

e  =  (o/E)  +  K(o/E)n 
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The  mechanical  properties  were  obtained  from  specimens  cut  from  thn  tubes 
in  the  axial  and  circumferential  directions  and  tested  in  a  20000  lbs. 

Instron  testing  machine.  The  stress-strain  curve  obtained  for  these 
specimens  is  shown  in  Fig.  5. 

The  machining  process  is  similar  to  that  described  in  [1]  and  [2], 
except  for  mouting  of  the  blank  on  the  mandrel  and  removing  of  the  finished 
stiffened  shell  from  it.  Here,  instead  of  using  the  "cooled"  mandrel  of  [1], 
the  blank  is  carefully  heated  in  a  temperature  controlled  oil  bath  (Fig.  6) 
to  about  100°C  and  then  mounted  on  a  steel  mandrel  very  similar  in  its 
details  to  the  earlier  "cooled"  mandrel  (see  Fig.  6) .  After  the  cutting 
process  has  been  completed,  the  mandrel  is  located  on  a  special  platform 
within  the  oil  bath,  the  oil  is  heated  again  to  100°C  by  an  electrical 
heating  element-  within  a  tube  to  which  the  platform  is  attached.  The 
heated  specimen  is  then  released  from  the  mandrel  with  the  aid  of  a  special 
cylinder  which  pushes  it  into  the  lower  part  of  the  oil  container  (Fig.  6) . 
The  bottom  of  the  oil  reservoir  is  padded  with  rubber  to  avoid  damage  of  the 
specimen  when  it  is  released  from  the  mandrel.  The  mandrel  is  then  taken 
out  from  the  bath  and  the  shell  is  picked  up  from  'lie  bottom  of  the  con¬ 
tainer. 

The  precision  of  the  7075-T6  specimens  did  not  differ  from  that  obtained 
for  the  steel  ones  of  [1]  and  [2] ,  though  they  were  manufactured  from  a 
softer  material  than  the  steel  alloys  used  in  [1]  and  [2].  The  machining 
procedure  of  the  present  specimens  involved  the  same  methods  of  cutting  and 
measuring  and  hence  the  accumulated  errors  of  [1]  and  [2]  were  also  intro¬ 
duced  in  the  present  shells.  For  the  present  specimens  the  worst  deviation 
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in  shell  thickness  for  a  few  shells  was  vpto  10%  of  the  minimum  skin  thick¬ 
ness.  The  usual  deviation  was  however  within  5%  of  the  minimum  thickness. 

In  order  to  obtain  different  values  of  stringer-distribution,  (b/h) , 
stringer-area,  (A^/bh)  and  Ko iter’s  curvature  parameter,  0  ,  special 
"Form  Cutters",  were  ordered  as  in  [l]  and  [2].  Four  types  of  cutters 
are  used  in  the  present  program:  with  a  cutting  surface  width  of  5mm,  8mm, 
10mm,  and  12mm.  By  use  of  these  different  cutters  together  with  various 
division  discs,  the  above  mentioned  parameters  are  separately  or  simulta¬ 
neously  altered. 
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The  aim  of  the  present  test  program  is  the  study  of  the  effect  of  shell 
and  stiffener  geometry  on  the  obtained  "linearity”.  Hence,  the  shell  para¬ 
meters  (R/h) ,  (L/R)  and  Z,  as  well  as  the  stiffener  geometry  (e^/h) , (A^/bh) . 

3 

(I^j/bh  )  and  0  were  varied.  Many  shell  configurations  were  calculated 
prior  to  the  manufacturing  of  a  specimen  to  predict  the  stress  levels.  To 
assure  elastic  buckling  the  specimens  were  designed  to  fail  at  stresses  less 
than  half  of  the  yield  strength,  (oq  ^  )  of  the  material. 

As  in  [1]  and  [2] ,  "twin"  shells  were  also  manufactured  in  order  to 
study  the  length  effect  on  imperfection  sensitivity  found  in  [7]  and  [16] . 
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4-  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


The  experimental  buckling  loads  and  stresses  are  given  in  Table  2. 

These  loads  are  correllated  with  the  critical  loads  compared  for  the 
SS3  and  SS4  boundary  conditions,  which  are  also  presented  in  Table  2,  to 
obtain  the  "linearity"  p  =  (Pg^/P^)  -  The  correlation  of  experimental 
results  with  linear  theory  for  the  "classical"  SS3  boundary  conditions,  is 
presented  in  Figs.  7  and  8  versus  the  Batdorf  shell  parameter  2.  In  Fig. 

14  these  results  are  also  compared  with  those  obtained  for  the  SS4  boundary 
conditions.  In  Figs.  15  and  16  they  are  plotted  versus  the  area  parameter 
(A^/bh) ,  in  Figs.  20  and  21  versus  the  combination  Z(A^/bh) ,  in  Fig.  28 
versus  the  stringer  distribution  (b/h)  and  in  Fig.  29  versus  the  com¬ 
bination  (b/h)/[l  +  (A^/bh) ] .  The  different  plots  represent  attempts 
to  identify  the  dominant  geometrical  parameters  or  combination  cf  para¬ 
meters. 

Fig.  7  indicates  that  the  Batdorf  shell  parameter  z  has  a  considerable 
influence  on  the  "linearity"  obtained,  and  snows  a  clear  trend  towards 
p  =  1  with  increasing  values  of  Z.  There  is  a  noticeable  scatter  of 
the  experimental  results,  but  it  can,  however,  be  diminished  if  Koiter’s 
prediction  for  unstable  panel  postbuckling  behavior,  9  >  0.64  ,  discussed 
in  Section  1  and  Appendix  A,  is  considered.  Fig.  8  accounts  for  this 
behavior  ,and  the  shells  for  which  0  >  0.64  are  separately  identified 
there.  If  the  experimental  results  of  these  shells  are  excluded,  then  the 
effect  of  Batdorf  shell  parameter  z,  is  very  pronounced,  expecially  in  the 
range  Z  >  1000,  where  the  values  of  "linearity"  vary  between  about  90%  and 


11  - 


115%. 

In  Fig.  9  the  results  of  Figs.  7  and  8  were  compared  with  those  of 
[ll  and  [2]  and  other  investigations  [17]  to  [23].  It  is  observed  that 
all  the  present  test  results  fall  within  the  scatter  band  of  these  studies 
at  the  corresponding  values  of  2. 

It  should  be  mentioned  here  that  the  results  of  [l]  and  [2]  were  too 
conservative,  since  upper  bound  values  were  taken  for  the  torsional  rigidity 

of  the  stringers.  In  [12]  it  was  pointed  out  that  the  critical  loads 
of  stringer-stiffened  shells  are  affected  by  the  torsional  rigidity.  This 
influence  is  found  to  be  very  significant  in  the  range  of  shell  geometry 
and  stiffeners  of  the  present  test  specimens  ( 100  <  z  <  4000) .  Fig.  10 
represents  this  effect  for  a  stringer-configuration,  which  approximately 
represents  the  average  of  the  present  specimens.  The  results  of  [1]  and 
[2]  were  corrected  by  using  the  exact  values  of  ntl  (See [ 26] ) . 

In  Fig. 11  the  present  experimental  results  are  compared  with  those  of 
[l]  and  [2]  disregarding  the  results  corresponding  to  the  steel  specimens, 

R  =  125,  for  which  inelastic  effects  could  be  expected.  In  Fig.  13  the  results 
of  the  present  specimens  for  which  may  be  suspect  of  unstable  panel  postbuckling 
behavior^  since  8  >  0.64,  were  also  omitted  and  the  remaining  results  of  Fig. 

H  were  compared  with  those  of  other  investigators.,  except  those  of  [20]  and 
[21].  It  can  be  observed  that  for  high  values  of  Z(Z  >  500)  the  7075-T6 
specimens  yield  higher  values  of  "linearity"  and  less  scatter.  However,  it 
should  be  pointed  out  that  the  results  of  [19] ,  [22]  and  [23]  are  correlated 
with  clamped  boundary  conditions,  and  hence  are  represented  more  conservatively 
than  the  present  results,  in  Fig.  13  the  results  of  [1]  for  the  larger  shells 


there  for  large  values  of  z  (Z  >  1000) . 

In  Fig.  14  the  experimental  results  are  correlated  with  the  critical 
load  predictions  for  the  SS4  boundary  conditions.  In  the  same  figure  the 
linearity  values  for  the  "classical"  SS3  boundary  conditions  (shown 
earlier  in  Fig. 7  )  are  also  reproduced.  The  influence  of  Z  is  observed 
here  to  be  similar  to  that  obtained  in  Fig.  7,  but  the  SS4  boundary  conditions 
though  probably  more  appropriate  to  the  test  conditions,  yield  lower  values 
of  "linearity"  which  do  not  approach  p  =  1  with  increasing  values  of  Z. 

Fig.  15  represents  the  effect  of  stringer  area  parameter,  (A^/bh) ,  on 
the  "linearity".  As  in  Fig.  7,  scatter  of  experimental  results  is  quite 
large ,  but  may  be  reduced  as  in  Fig.  8,  if  unstable  panel  postbuckling 
behavior  is  taken  into  account  (see  Fig.  16).  If  the  results  of  Fig.  16 
for  which  0  >  0.64  are  excluded,  it  is  found  that  the  values  of  "linearity" 
are  indeed  affected  by  the  stringer  area  parameter,  (A^/bh) .  For  low  values 
of  (Aj/bh)  there  is  still  considerable  scatter  but  it  diminishes  with  in¬ 
creasing  values  of  the  stringer  area  parameter  and  the  expected  trend  to 
p  =  1  with  high  (A^/bh)  can  be  discerned. 

In  Fig.  17.  the  present  results  are  compared  with  the  "corrected"  ones 
of  [1]  and  [2]  and  with  those  of  other  studies,  [l7]  to  [23].  It  appears 
from  this  figure  that  the  scatter  of  the  present  experimental  results  is 
similar  to  that  of  other  investigations,  but  the  present  tests  yield  higher 
values  of  "linearity",  p  .  Neverthesless,  even  with  the  scatter,  a  clear 
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trend  towards  p  =  1  with  increasing  values  of  (A^/bh)  is  apparent.  In  Fig. 

18  the  small  steel  specimens,  R  =  125  of  [1] (which  is  affected  by  material 
non-linear  behavior)  were  omitted  and  the  scatter  was  reduced.  In  Fig.  3-9, 
as  in  Fig.  12, the  present  results  for  which  0  >  0.64  were  also  disregarded 
and  the  results  were  compared  with  the  other  investigations  mentioned  above, 
except  [20].  This  figure,  like  Fig.  13,  resutlted  in  less  scatter  and  a 
clearer  trend  to  approach  p  =  1  with  increasing  values  of  (A^/bh).  Beyond 
Aj/bh  >  0.5  the  values  of  "linearity"  are  all  above  70%.  It  appears  from 
this  fugure  that  the  experimental  resuls  of  [l],  [2]  and  the  present  tests 
yielded  higher  values  of  "linearity"  than  other  studies  did,  but  the  remark 
about  conservative  representation  made  in  regard  to  Fig.  12  applies  also  here. 

The  above  discussion  indicates  that  the  shell  geometry  parameter  Z  and 
the  stringer  area  parameter  (Aj/bh)  influence  the  "linearity",  but  the  scatter 
of  experimental  results  is  considerable.  In  order  to  diminish  this  scatter 
observed  in  Figs.  7  and  15  combination  of  these  two  parameters  was  attempted. 

The  "linearity"  is  therefore  plotted  versus  the  combination  Z (Aj/bh)  in  Figs. 

20  and  21.  In  Fig.  21  unstable  panel  postbuckling  behavior  was  again  taken 
•nto  account.  If  the  shells  for  which  0  >  0.64  are  excluded  from  this 
figure  the  scatter  of  results  is  noticeably  reduced,  compared  to  Fig.  20  and 
the  trend  towards  p  =  1  is  even  clearer  than  that  in  Fig.  8, 

Another  attempt  to  reduce  the  scatter  of  the  results  is  made  in  Figs. 

22  and  23,  where  the  "linearity"  is  represented  versus  the’Veighted  shell 
geometry  parameter"  Z[1  «-  (Aj/bh)].  The  scatter  in  Fig.  22  is  still  con¬ 
siderable  and  similar  to  that  in  Fig.  20  ,  but  can  again  be  diminished  notice¬ 
ably  by  taking  unstable  panel  postbuckling  behavior  into  account,  as  in 
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Fig.  31  shows  an  attempt  to  evaluate  experimentally  the  results  of  im¬ 
perfection  sensitivity  studies.  In  these  studies,  [7]  and  [16]  ,  the  im¬ 
perfection  sensitivity  was  predicted  to  be  strongly  dependent  upon  the  Batdorf 
parameter  2  of  the  shell.  Neither  the  prediction  of  [7]  _>r  [16]  were  con¬ 
firmed.  However,  the  trend  towards  higher  value  of  p  with  increasing  values 
of  Z,  appears  again.  This  trend  may  be  due  to  larger  imperfection  sensitivity 
of  short  shells  (or  rather  shells  with  low  2) ,  or  due  to  the  effect  of  pre¬ 
buckling  deformations  which  may  be  large  for  short  shells  (see  for  example  [29]  ) . 
To  clarify  this  point  a  non-linear  analysis  (as  in  [4]  to  [8],  [14]  and  [16]  ) 
will  be  applied  at  a  later  date. 

A  typical  circumferential  distribution  of  the  axial  applied  load  for 
various  stages  of  loading  is  shown  in  Fig.  32  for  shell  No.  AS-14M.  The 
variation  in  load  distribution  is  similar  to  that  discussed  in  [1]  and  [2] 
and  of  the  same  order  (about  s  10%)  of  the  average.  Most  of  this  non¬ 
uniformity  is  attributed  to  local  thickness  variations. 

In  Figs.  33  to  35  some  typical  postbuckling  patterns  are  shown  for  shells 
of  various  lengths.  As  can  be  seen  from  these  figures  the  patterns  are 
characterized  by  two  or  more  tiers  of  diamonds.  However,  in  the  cases  of 
the  longest  shells  tested  (Fig.  35) ,  a  non-uniform  pattern  was  obtained  in 
some  of  the  shells,  like  in  shells  AS-3L  or  AS-9L,  probably  due  to  variations 
in  shell  thickness  or  a  non-uniform  load  distribution.  In  the  other  specimens, 
the  patterns  show  evenly  distributed  diamonds  in  the  circumferential  and  axial 


directions . 
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The  attempt  to  apply  the  modified  Southwell  method  of  [24]  did  not 
yield  any  better  results  than  in  the  earlier  work([l]  and  [2]  ).  The  critical 
loads  obtained  varied  between  values  which  were  lower  than  the  experimental 
ones  and  higher  than  the  ones  predicted  for  the  perfect  shell.  Hence,  the 
scatter  of  results  was  found  to  be  even  more  pronounced  for  the  present 
specimens  than  for  those  of  [1]  and  [2]  and  the  method  was  again  found  to 
be  unreJ iabx’. 

In  Table  2  the  calculated  critical  stresses  are  also  given.  It  can  be 
seen  from  this  Table  that  these  stresses  are  very  low  compared  with 
of  the  shell  material.  Table  2  also  includes  the  critical  local  stresses 
discussed  in  Section  1  and  Appendix  A.  These  calculations  indicate  that 
most  of  the  shells  failed  in  a  general  instability  mode.  Only  for  five  shells 
a  likelihood  of  local  buckling  was  identified  and  the  local  buckling  predictions 
for  these  shells  are  underlined  in  Table  2.  It  should  however  be  noticed  that 
the  local  buckling  predictions  are  calculated  for  the  clamped  C4  boundary 
conditions  (see  [11]) and  so  they  have  to  be  compared  with  the  predicted  in¬ 
stability  stresses  corresponding  to  the  SS4  boundary  conditions.  Such  a  com¬ 
parison  is  also  given  in  Table  2  and  it  can  be  seen  there  that  local  buckling 
is  then  predicted  for  ten  of  the  tested  shells.  It  should  be  remembered  that 
local  buckling  predictions  were  approximated  by  Eq.  (1A)  of  Appendix  A  to 
account  for  strengthening  of  the  panel  due  to  its  narrowness  and  by  [11] .  If 
Eq.  (1A)  of  Appendix  A  and  the  results  of  [30]  aie  compared,  it  is  found  that 
the  results  of  [30]  are  higher  than  those  obtained  by  Eq. (1A) .  On  the  other 
hand  the  results  of  [11]  and  [30]  coincides.  Hence,  if  local  buckling  is 
estimated  by  [30] ,  which  is  a  more  accurate  prediction  rather  than  by  Eq.  (1A) , 
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local  buckling  is  found  only  for  4  shells  (20Ma,  20Mb,  21S  and  25S) .  These 
results  are  also  given  in  Table  2. 

In  [l]  it  was  reasoned  that  the  low  values  of  "linearity"  obtained  for 
some  of  the  steel  shells  with  R  =  5"  were  probably  due  to  inelastic  effects. 
This  influence  was  studied  by  Wesenberg  and  Mayers  for  a  few  shells  of  [1]  and 
was  indeed  found  to  be  significant.  The  inelastic  effect  "correction"  is 
shown  in  Table  3. 
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APPENDIX  A  -  THEORETICAL  CONSIDERATIONS 

Failure  of  stringer-stiffened  shells  may  occur  either  by  general 
instability  of  the  stiffened  shell  .*»s  a  whole  or  by  local  buckling 
of  the  panels  between  the  stringers.  General  instability  in  an  axi- 
symmetric  buckling  mode  will  occur  only  for  short  shells.  Therefore, 
this  mode  of  failuie  has  to  be  considered  only  for  short  stringer  stiffen¬ 
ed  shells  or  for  shells  stiffened  also  with  strong  rings.  The  calculations 
and  most  of  the  experimental  results  of  [1]  and  [2]  indicated  that  the 
"longitudinal"  n  =  1  asymmetric  buckling  mode,  pointed  out  in  [20], 
usually  dominates , as  it  also  did  in  the  present  test  series. 

The  stringers  will  appreciably  affect  the  local  buckling  by  their 
torsional  and  lateral  restraints  and  there  will  be  an  interaction  between 
local  and  general  instability.  In  an  elementary  analysis,  however,  local 
buckling  and  general  instability  are  considered  separately. 

The  general  instability  of  stiffened  cylindrical  shells  under  axial 
compression  was  analysed  in  [12].  The  analysis  considers  the  stiffeners 
as  being  "smeared"  over  the  entire  length  of  the  shell  in  a  manner  which 
accounts  for  their  eccentricity,  (e/h).  Ref.  [12]  is  only  a  solution  for 
the  "classical"  simply  supported  SS3  boundary  conditions:  w  =  M  =  v  =  N  =  0 
and  clamped  RF2  boundary  conditions:  w  =  w,x  "  v  =  Nx  =  0.  An  improved 
analysis  which  considers  all  possible  combinations  of  simply  supported 
stringer-stiffened  shells  is  given  in  [2]  and  the  present  test  results  are 
correlated  with  the  results  of  [2]and  [12]  . 


Koiter,  in  [9],  studied  the  buckling  and  initial  post-buckling  behavior 
of  cylindrical  panels  for  stringers  imposing  no  rotational  restraint  on  the 
panel.  The  influence  of  stiffening  of  the  panel  due  to  its  narrowness  was 
also  shown  in  [10]  to  be 


(o  ) 
cr  n.p. 


^  ^  °cr ^  c . c . ^unstif f . 
where  6  is  defined  by 


=  (1/2)  [(1/e2)  +  e2] 


- 


e=  (1/2*)  [12(1  -  v2]1/4[b/(Rh)1/2]  . 

Koiter  [9]  found  that  transition  from  "stable  plate  type"  behavior  to 
"unstable  cylindrical  shell  type"  occurs  at  6  %  0.64.  This  value  of  9  , 
is  however,  conservative  as  the  analysis  of  [9]  neglects  the  torsional  con¬ 
straint.  Eq.  (1A)  is  also  conservative,  since  the  stringers  at  the  boundaries 
of  the  panels  impose  elastic  restraints,  which  in  many  cases  are  close  to 
clamping.  Hence,  an  upper  bound  for  local  buckling  may  be  estimated  if,  for 
example,  Eq.  (1A)  is  corrected  by  a  factor  taken  from  Fig.  1  of  [11  ] ,  which 
considers  complete  clamping 
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